Agronomic performance
Average visual chlorosis scores (VCS) in chlorosis screening nurseries and in management trials involving various treatments are commonly accepted as reasonable estimates of the severity of Fe deficiency. Minor, although statistically significant, differences in VCS observed in the near absence of chlorosis, or in another trial, the near death of many cultivars, have little meaning. In the research discussed here, the severity of Fe deficiency ranged from almost no chlorosis (VCS= 1.2) to mild chlorosis (VCS=2.3) to moderate chlorosis (VCS=3.0) to severe chlorosis (VCS=4.2), nonetheless, consistent genotypic differences usually were observed when genotypes were first grouped into classes based on published VCS, field VCS observed at V3, or planting seed Fe concentration or content.
Class variances were calculated and tested for homogeneity (Snedecor and Cochran, 1980; Gomez and Gomez, 1984) and when class variances were homogeneous, regression equations were developed using class means consisting of both independent and dependent variables. Management studies involving increasing rates of seeding, increasing rates of Fe-EDDHA application, and increasing rates of N application were conducted using resistant, moderately resistant, and susceptible cultivars, without first categorizing the smaller number of genotypes into classes.
Increasing seeding rates with low Fe-EDDHA rates
It is generally reported that increasing seeding rates will reduce visual chlorosis ratings (early and/or mid-season) and often will increase grain yield when soybean is grown where Fe deficiency is moderate to severe (Uvalle-Bueno and Romero, 1988; Penas et al., 1990; Goos and Johnson, 2001; Lingenfelser et al., 2005; Wiersma, 2007) . Increasing seeding density (seeds unit -1 of row), and, presumably, increasing the volume of soil occupied by roots unit -1 of row, can lead to higher yields and higher seed [Fe]s, but may have little influence on early-season VCS ( Fig. 1 A, C, E). When averaged across 3 years, 4 replications, 3 cultivars, and 5 rates of Fe-EDDHA, increasing seeding density almost 3-fold reduced visual chlorosis about 12% ( Fig. 1 A) . On the other hand, increasing Fe-EDDHA rates (in accordance with the severity of IDC) will markedly reduce early season VCSs, but may have little influence on grain yield ( Fig. 1 B, D, F) . Averaged across 3 years, 4 replications, 3 cultivars, and 5 seeding densities, increasing the Fe-EDDHA rate 4-fold reduced early season visual chlorosis about 70% (Fig. 1 B) . Fe acquisition, measured as seed [Fe] , appears to be regulated primarily by genotype, yet Fe acquisition by less Fe-efficient cultivars can be increased by increasing SD or reducing the severity of Fe deficiency. It is possible to slightly increase seed [Fe] of both susceptible and resistant cultivars grown under severe chlorosis if high rates (>4.48 kg ha -1 ) of Fe-EDDHA are used (Table 1 ; Fig. 1 F) . Rates of Fe-EDDHA used in these studies (Fig. 1) were much lower (1.12 to 4.48 kg ha -1 ) than those evaluated in other studies (2.24 to 11.2 kg ha -1 ) and may have been responsible for the moderate responses to increasing rates of Fe-EDDHA.
High Fe-EDDHA rates
Research to reduce or alleviate IDC in soybean by applying various seed, soil, or foliar Fe chelates or fertilizers has been conducted for decades. Although the results have been mixed (Mortvedt, 1986) , and are seldom directly comparable, positive responses to foliar (Randall, 1981) , seed (Karkosh et al., 1988) , and soil (Penas et al., 1990; Wiersma, 2005) application have been reported. Other researchers have observed only small, if any, response to similar treatments (Goos and Johnson, 2000; Goos and Johnson, 2001; Heitholt et al., 2003) . Lack of consistent results may be related to differing levels of chlorosis severity among experiments; soil, environmental, or genetic differences; and/or the low rates of Fe often applied to ensure economic feasibility. Low rates of Fe probably do not satisfy the requirement of a continuous supply of Fe as plant development progresses (Goos and Johnson, 2001) . Responses to higher (beyond economic feasibility) rates of Fe-EDDHA appear variety specific and occur over an extended period, manifest at maturity (Fig. 2 ). As plant development progresses, there are earlier, limited responses to low rates of Fe-EDDHA, whereas higher rates appear to provide Fe continuously and to promote later, larger responses. However, it should be noted that the severity of Fe deficiency and the plant characters used to measure treatment response are both crucial when deciding the suitability of various treatments for improving Fe acquisition. For example, measures of field visual chlorosis at low rates of Fe-EDDHA discriminate nicely between resistant and susceptible cultivars, but at higher Fe rates, almost all cultivars have similar scores (Table 1A) . In contrast, measures of harvest seed [Fe] provide nearly identical discrimination among cultivars at each rate of Fe-EDDHA, and are nearly the same as the [Fe] of the seed used for planting (Table 1B) . At lower rates of Fe-EDDHA, resistant cultivars often exceed susceptible cultivars in plant height, seed number, and grain yield, whereas at higher rates, susceptible cultivars approach values similar to resistant cultivars (Fig. 2 ). With only slight chlorosis ( Fig. 3 ( 14.9 9.2 6.3 6.2 6.5 12.0 9.4 † Means followed by the same letter within a column are not statistically significant at the 5 % level of probability. Table 1 . Field visual chlorosis rating recorded at V3 and seed [Fe] at harvest of four cultivars grown at six rates of Fe-EDDHA applied at planting. resistant cultivars were consistently higher than that of susceptible cultivars whether chlorosis was nil or severe. This observation is similar to that of Beebe et al. (2000) and Blair et al. (2009) who, from work done with dry beans (Phaseolus vulgaris L.), concluded that seed micronutrient densities of Fe (and Zn) were consistent, reliable estimates of resistance to Fe deficiency. Genotypically superior and inferior cultivars could be identified consistently across years and locations (Bouis et al., 2003; Nestle et al., 2006; Ghandilyan et al., 2006) . Other research (Wiersma, 2005) has shown that plotting relative grain yield vs seed [Fe] for several environments exhibits a narrow range of seed [Fe] associated with wide ranges in relative yield and that there are consistent seed [Fe] differences between resistant and susceptible cultivars regardless of relative yield. These conclusions have led to the concept that individual genotypes have a seed [Fe] "threshold" that is presumably, genetically predetermined, yet seldom exceeded, and that seed [Fe] could supplement or replace VCS as a measure of resistance to IDC. (Crookston, MN, 2003) and nil to mild Fe deficiency (Fisher, MN, 2003) .
Fe-EDDHA rates -canopy position
Ten consecutive plants within row two of each plot in the Fe-EDDHA trials mentioned above were harvested at R7-R8, the total number of main stem nodes was counted, averaged, and used to separate plants into the upper, middle, and lower thirds of the plant. Sections were combined and the number of seeds, total seed weight, and seed [Fe] of the three sections of the canopy were determined. Averaged across cultivars, seed [Fe] decreased from approx. 50 µg g -1 at the lower canopy position, to 45 µg g -1 in the middle one-third, to 40 µg g -1 in the top one-third ( Fig. 3 ). This decrease occurred under both nil and severe Fe chlorosis and suggests that developmentally younger and older seeds respond similarly to increasing Fe-EDDHA rates. Increases in seed [Fe] occur primarily in resistant cultivars grown under harsh Fe deficiency. Susceptible cultivars show little response to added Fe-EDDHA whether Fe deficiency is nil or severe. With limited Fe deficiency (Fisher, MN, 2003) , both resistant and susceptible cultivars attain their genetically predetermined seed [Fe] (Fig. 3) . Taken together, these results suggest that developmentally younger, intermediate, and older seed accumulate Fe at similar rates, but for different lengths of time and that cultivars and canopy positions have very similar regression slopes, but different intercepts or "thresholds" (Fig. 4 ).
Nitrogen rates
The response of soybean cultivar resistance to IDC to differing N rates was evaluated in a field study. Six rates of fertilizer N (0, 34, 68, 102, 136, and 170 kg ha -1 ) were applied to six cultivars differing in resistance to IDC (2 Fe efficient, 2 moderately Fe efficient, and 2 Fe inefficient) over a three year period. Nodulation decreased linearly in response to added N for all cultivars, regardless of their Fe efficiency characterization or yearly growing conditions. In contrast, relative foliar chlorophyll concentrations (SPAD readings) differed markedly among cultivars, but showed little consequential response to increasing nitrogen rates (NR) (Fig. 5 ). Plant height, seed number, grain yield, and seed [Fe] decreased linearly in response to increasing NRs for Fe-inefficient cultivars, whereas these responses in Feefficient and moderately efficient cultivars changed little as NR increased (Figs. 5 and 6). Despite these differences, the ranking of cultivars based on seed [Fe] was only slightly affected by increasing NRs.
Genotype selection
When the results of variety evaluations conducted in large-scale chlorosis nurseries are considered, there is little evidence of consequential decreases in VCS among cultivars during the last decade ( Fig. 7) . However, selecting more resistant genotypes in large screening nurseries is complicated by the large genotype x nursery (environment) interaction, especially where VCSs are used to estimate 'resistance'. Inconsistent variety responses have been attributed to environments, soil heterogeneity, and large variations in soil chemistry (Jolley et al., 1996; Fairbanks, 2000) . Ferric chelate reductases and quantitative determination of iron reduction have been suggested as reliable indicators of the genetic potential for chlorosis resistance (Jolley et al., 1996; Fairbanks, 2000) . Factors controlling absorption and transport of Fe are known to be located in the root and to be genetically determined (Brown et al., 1958; Brown et al., 1972) . Although these measures appear to be reliable, they require specialized equipment and knowledge, limiting the number of potential genotypes that can be evaluated in a reasonable amount of time. Within years, genotypic rank correlations of VCSs (Table 2) are often highly significant across locations, suggesting reasonable reliability. This can be deceiving, however, because large-scale nurseries often have 'normal' distributions with nearly all VCSs being between 2.5 and 3.5 at each location (Fig. 8 ). In a field study conducted during 2007, 2008, and 2009 rank correlations were calculated among 14 genotypes that had been included each year (Table  5 ). These results suggest that VCSs may not be the most appropriate measures of Fe efficiency. During the same decade, micronutrient densities (primarily Fe and Zn) in both grasses and legumes have been found to be reliable and consistent across both years and locations. Research conducted on dry bean (Phaseolus vulgaris L.), wheat (Triticum aestivum L.), and rice (Oryza sativa L.) cultivars demonstrated that genotypes with high micronutrient densities of Fe and Zn during one year at one location will also be among the highest at another location in another year (Gregorio, 2002; Shen et al., 2002; Bouis et al., 2003; Nestle et al., 2006; Blair et al., 2009; Blair et al., 2010) . Perhaps, measures of resistance to Fe deficiency in soybean should involve integrated estimates of uptake, transport, and accumulation of Fe that are manifest at maturity, such as Fe content 1000 -1 seeds, seed [Fe] , and/or iron removal with seed (µg Fe m -2 ).
Roundup ready vs conventional cultivars
As Roundup Ready™ (RR) cultivars were first being released there was local concern among growers and crop consultants that resistance to Fe deficiency may not have been incorporated during development of earlier releases. During 2002, ten RR™ and ten 'conventional' cultivars were grown at two rates of Fe-EDDHA (0 and 8.96 kg ha -1 ) at the University of Minnesota Northwest Research and Outreach Center (NWROC) on soils with a known history of mild to severe Fe deficiency. A relatively high rate of application of Fe-EDDHA increased relative chlorophyll readings at V3 about 13% (4.6 SPAD units) and increased grain yield nearly 18% (434 kg ha -1 ). Roundup Ready cultivars out-yielded conventional cultivars by approximately the same amount, 19% (453 kg ha -1 ). Nonetheless, seed [Fe] at harvest did not differ between Fe-EDDHA rates, nor between RR and conventional cultivars (Table 3) . Seed [Fe] at harvest was moderately related to both published visual chlorosis score (r 2 =0.452) and Fe concentration of the seed used for planting (r 2 =0.458). Classifying cultivars on the basis of their published VCS and then their planting seed [Fe] resulted in the same cultivars being in each class and, consequently, having the same r 2 values. This research involved a relatively small sample of cultivars grown under harsh conditions and may not have fairly represented the importance of Fe 1000 -1 seeds, seed [Fe] , and/or Fe removal. Similarly, it is important to remember that these results cannot be extended to all RR and conventional soybean cultivars.
Variety x Fe-EDDHA rate
Four cultivars (two Fe deficiency resistant, two Fe deficiency susceptible) and six rates of Fe-EDDHA (0, 2.24, 4.48, 6.72, 8.96, and 11.2 kg ha -1 ) were evaluated at one location in 2002 and six cultivars (two Fe deficiency resistant, two moderately resistant, and two susceptible) were evaluated at two locations in 2003. Visual chlorosis scores recorded at V3 could distinguish resistant from susceptible cultivars only when no Fe-EDDHA was applied, whereas harvest seed [Fe] could discriminate among resistant and susceptible cultivars at all six rates of Fe-EDDHA and in exactly the same order at each level of added Fe chelate (Table  1) . Although grain yield increased markedly with added Fe chelate ( Fig. 1. C) , seed [Fe] changed very little (approx. 11%) ( Fig. 1. F) . The rank order of cultivars for harvest seed [Fe] was also the same as that of the cultivars' initial or planting seed [Fe], providing some evidence that seed [Fe] reflects varietal differences in resistance to Fe deficiency. Similar results recorded for the two 2003 trials, where two additional cultivars were evaluated under different severities of Fe deficiency, extend the applicability of this concept to evaluations conducted on similar soils. Our primary objective was to compare plant traits thought to represent measures of resistance to Fe deficiency. This collection of Maturity Group 00 (MG 00) genotypes had a range of planting seed Fe concentrations from 64 to 106 ug Fe g -1 seed. We assumed that the seed we obtained had been grown with adequate Fe availability. Plants were grown in nutrient solution as well as field nurseries. Nutrient solution culture procedures described by Chaney et al. (1992) were used to evaluate genotypes grown with moderate to severe Fe deficiency under controlled conditions. Other researchers have concluded that similar quantitative trait loci (QTL) are identified in nutrient solution and field tests and, therefore, both systems identify similar genetic mechanisms of iron uptake and/or utilization (Lin et al., 2000) . These seventy-two genotypes also were grown on high pH, highly calcareous soils at three locations in 2003 and one location in 2004. Measures of resistance to Fe deficiency were: harvest seed [Fe] (µg g -1 seed); harvest seed Fe content (µg 1000 -1 seeds); and Fe removal (µg Fe m -2 ). Classification variables were: published visual chlorosis (VC); in-field visual chlorosis at V3 (V3); planting seed [Fe] (µg Fe g -1 seed) (FC); planting seed Fe content (µg Fe 1000 -1 seeds) (FS); and relative chlorophyll concentration (SPAD values) (GC). (Markwell, et al., 1995; Markwell and Blevins, 1999) . We acknowledge that in our studies genotype and seed [Fe] are confounded and that Fe availability, as well as genotype, likely will influence final seed [Fe] . Although seed [Fe] and genotype are confounded, this is not unlike visual chlorosis score and genotype. A better approach would have been to use several genotypes each having a range of seed [Fe] from 50 to 120 µg g -1 seed. We were unable to identify or create these treatments. Nonetheless, we know from earlier research (Wiersma, 2005 (Wiersma, , 2007 (Wiersma, , and 2010 ) that large (25-50%) differences in agronomic performance, within the same genotype, often are associated with rather small (5-10%) differences in harvest seed [Fe] . In this case, correlations among agronomic characters and seed [Fe] are relatively small (r <0.4). We also know from field experiments that differences between cultivars of <10 µg Fe g -1 seed are not likely to be statistically significant (Wiersma, 2005 (Wiersma, , 2007 (Wiersma, ,and 2010 . Similarly, Shen et al. (2002) In-field visual chlorosis is better predicted using at planting seed [Fe] than the recorded visual chlorosis score, although the relationship is far from perfect. The complexity of using individual genotype means, without first classifying them into groups, is illustrated in Fig. 9 . The extent of yellowing (VCS) among plots within a nursery often approaches a continuous distribution from green to yellow. Historically, this range of expression has been sub-divided into classes prior to analysis (Fehr, 1982) . Thus, to evaluate relationships among characters, the 72 genotypes in each environment were first divided into 5 classes on the basis of several characters: recorded visual chlorosis (VC); visual chlorosis at V3 (V3); seed Fe concentration (FC); seed Fe content (FS); and growth chamber SPAD (GC). Then, Levene's F test (Littell et al., 2006) was used to assess homogeneity of error variances across classes for each measure used in classifying genotypes. Welch's F test was used to test the equality of means across the levels of the single class terms (Littell et al., 2006) . Ideally, plant traits used to classify genotypes would have homogeneous error variances (non-significant Levene's F) and significant differences among class means (significant Welch's F).
Type 3 Tests of Fixed Effects
Classifying genotypes on the basis of visual observations, either VC or V3, rarely (16%) yielded homogeneous class variances, although differences among class means were almost always (83%) significant ( Table 6 ). The heterogeneous class variances indicate that VCSs may not be the most appropriate measures of Fe efficiency and suggest that the slow improvement in genotypic resistance mentioned earlier may be related to the plant trait used to measure resistance. Classifying genotypes on the basis of relative chlorophyll concentration (GC) yielded homogeneous class variances; however, differences among class means were not statistically significant ( Table 6 ). The severity of Fe chlorosis in nutrient solution culture was especially harsh and may have limited genotypic expression of resistance to those genotypes having high Fe-efficiency (Jessen, et al., 1988) . Although other researchers have concluded that similar QTL for visual chlorosis are identified in nutrient solution and field tests (Lin et al., 2000) , other QTL may be identified when integrated measures of resistance, manifest at maturity, are evaluated. Classifying genotypes on the basis of planting seed Fe content (ng Fe seed -1 or ug Fe 1000 -1 seeds) resulted in homogeneous class variances for each measure of resistance, whereas, differences among class means were significant only for harvest seed Fe content ( (Helms, et al., 2010) . Helms, et al. (2010) Across this wide range of IDC severity, our results emphasize the difficulty of identifying superior genotypes when visual observations, either VC or V3, are used to classify genotypes, whereas, the importance of seed [Fe] for efficient genotype selection (consistency and reliability) is underscored. Genotypes were also ranked in each environment for three putative measures of resistance to Fe deficiency and for four classification variables thought to represent potential measures of resistance to Fe deficiency. These values were then correlated to determine genotypic rank correlations among environments (Table 7) . When genotypes were ranked using published visual chlorosis scores or in-field visual chlorosis scores, there was little association with measures of resistance to Fe deficiency. In contrast, when genotypes were ranked using planting seed [Fe] or planting seed Fe content, there often was a close association with measures of resistance to Fe deficiency. These generalizations, however, do not include Crookston, 2004 where IDC was especially severe and some genotypes barely survived. Nonetheless, planting seed [Fe] and content are substantially superior to measures of visual chlorosis for identifying consistent, reliable estimates of resistance to Fe deficiency (Fig. 10) . The consistency and reliability of using seed [Fe] as a measure of resistance to Fe deficiency in soybean is further illustrated in the article written by Spehar (1994) .
Using results from this study of 45 cultivars of soybean grown on partly-and fully-limed acid soils in Brazil, it is possible to calculate a genotypic rank correlation coefficient www.intechopen.com 1.77 NS 1.65 NS † Mean of resistance measure for each level of classification. ‡ Standard deviation of resistance measure for each level of classification. § Test to assess homogeneity of error variances across levels of classification ¶ Test to assess the equality of classification means. NS , * , ** Not significant at 5% level of probability, significant at 5% level of probability, and significant at 1% level of probability. Table 6 . Classification of genotypes into 5 levels of selected plant traits thought to represent measures of resistance to Fe deficiency, defined as Fe accumulation (ug Fe 1000 -1 seeds), harvest seed [Fe] (ug Fe g -1 seed), and Fe removal (ug Fe m -2 ). between partially-and fully-limed conditions of r=0 .686 (P<0.001) using nearly all genotypes. However, some genotypes were missing seed [Fe]s under one treatment or another and 7 cultivars were not included in later calculations. Using 38 genotypes and 6 seed [Fe] classes (5 ppm), seed [Fe] on partly-limed soil could be predicted from seed [Fe] on fully-limed soil: linear, r 2 =0.883, F=30.2** (Fig. 11, A) . Using 38 genotypes and 6 seed [Fe] classes (10 ppm), seed [Fe] on fully-limed soil could be predicted from seed [Fe] on partly-limed soil: linear, r 2 =0.860, F=24.5** (Fig. 11, B) . Differences in class sizes (5 vs 10 ppm) are related to the range of seed [Fe] values observed for the independent variable. Nonetheless, the same genotypes usually were included in the same classes whether based on 5 or 10 ppm, which led to nearly identical results. Presuming that seed [Fe] can be regarded as an integrated measure of resistance to Fe deficiency that is manifest at maturity, then Spehar's data provides additional evidence that individual genotypes have a seed [Fe] "threshold" that is genetically predetermined, yet seldom exceeded, and that seed [Fe] should supplement or replace VCS as a measure of resistance to Fe deficiency. Table 7 . Correlations among genotypes, across four environments, ranked on the basis of three measures of resistance to Fe deficiency and genotypes ranked on the basis of four classification variables though to represent potential measures of resistance to Fe deficiency.
Measures of resistance to Fe deficiency

Conclusions
Conclusions from the research discussed in this chapter are: (1) soybean seed [Fe] and/or seed Fe content provide reliable and consistent measures of genetic differences in resistance to Fe deficiency;
(2) seed [Fe] is tightly controlled genetically; (3) it is not likely that susceptible genotypes will accumulate high seed [Fe] even when excess Fe is available; (4) seed [Fe] or content at harvest, more so than VCS, can also reflect responses to management practices designed to reduce or alleviate Fe deficiency; (5) when soybean is grown on chlorosis-prone soils, increasing seeding density can markedly increase grain yield and seed [Fe] of both susceptible and resistant cultivars, whereas applying higher rates of Fe-EDDHA especially benefits susceptible cultivars; (6) 
